We consider the ground-state properties of the s = 1 2
transverse Ising chain, regular alternation, quantum phase transition
The one-dimensional s = 1 2 Ising model in a transverse field is sometimes called a "drosophila" of the quantum phase transition theory since it provides the background for the analysis (very often rigorous analytical) of some important aspects of quantum phase transitions which occur in more realistic models of real systems [1, 2, 3] . In what follows we deal with a regularly alternating s = 1 2 transverse Ising chain the ground-state and the low-temperature properties of which have been discussed recently in Refs. [4, 5] . To be specific we consider N → ∞ spins 1 2 governed by the Hamiltonian
and Ω ⋆ = − √ 2) the critical behaviour is the same as the one in the vicinity of Ω ⋆ = √ 2. A critical behaviour is characterised by a set of exponents which determine peculiarities of different ground-state quantities in the vicinity of the critical field. Thus, the order parameter (i.e. the longitudinal magnetization m 
Finally, the energy gap vanishes as ∆ ∼ ξ −z ∼ |Ω − Ω ⋆ | νz , where z is the dynamic critical exponent. The quantum phase transition in d space dimensions (in our case d = 1) corresponds to the finite-temperature ("classical") phase transition in d + z space dimensions. Moreover, from the classical phase transition theory we know a number of relations which connect the critical exponents:
In the uniform case (∆Ω = 0) the critical exponents are well known:
This implies that the quantum phase transition belongs to the square-lattice Ising model universality class. In the considered case of regularly alternating chain (1) with ∆Ω = 1 we shall see that the critical behaviour in the vicinity of Ω ⋆ = √ 2 remains in the same universality class. However, the critical behaviour in the vicinity of Ω ⋆ = 0 is characterised by a different set of exponents.
We start with the exponents νz and α which can be obtained analytically using the Jordan-Wigner fermionization and continued fractions. From Refs. [4, 5] we know the elementary excitation energy distribution which permits us to get for the energy gap in the vicinity of the critical points, ∆ ∼ |Ω − √ 2| and ∆ ∼ |Ω| 2 . This implies νz = 1 and νz = 2 for the critical points Ω ⋆ = √ 2 and Ω ⋆ = 0, respectively. Moreover, from Refs. [4, 5] we know that the ground-state energy contains a nonanalytical contribution, e 0 ∼ Ω − √ 2 2 ln |Ω − √ 2| and e 0 ∼ Ω 4 ln |Ω|, in the vicinity of Ω = √ 2 and Ω = 0, respectively. After differentiating we conclude that
∂Ω 2 exhibits a logarithmic divergency at Ω ⋆ = √ 2 and remains finite
at Ω ⋆ = 0 where, nevertheless,
We go on to the exponents β, ν and η which can be calculated numerically [7] . Knowing the spin correlation function s is characterised by the set β = 0.125, ν = 1 and η = 0.25. Contrary, in the vicinity of Ω ⋆ = 0 the corresponding exponents are β = 0.25, ν = 2 and η = 0.25. Obviously, we expect such N → ∞ values of β, ν and η from the finite-N data following the tendencies in their change as N increases. Combining these findings with the analytical results for νz and α we get two sets of critical exponents. Namely, β = 0.125, ν = 1, η = 0.25, α = 0, νz = 1 in the vicinity of Ω ⋆ = √ 2 and β = 0.25, ν = 2, η = 0.25, α = −2, νz = 2 in the vicinity of Ω ⋆ = 0. The former set corresponds to the square-lattice Ising model universality class whereas the latter one corresponds to a new universality class.
To summarize, we have studied the quantum phase transitions in the s = chain in a regularly alternating transverse field of period 2, Ω ± ∆Ω. We have found that for a small strength of regular nonuniformity (controlled by ∆Ω) the groundstate phase transition between the Ising phase (for small Ω) and the paramagnetic phase (for large Ω) is modified only quantitatively, i.e. the value of the (two) critical fields increases. The critical behaviour remains of the square-lattice Ising model universality class. If ∆Ω is equal to a half of the exchange Ising interaction, an additional quantum phase transition point appears at Ω = 0. We have found a strong evidence that this critical point is characterised by the new set of exponents. The other (two) critical points which correspond to the transition between the Ising and paramagnetic phases are of the square-lattice Ising model universality class. For larger ∆Ω the chain exhibits four quantum phase transition points between the Ising and paramagnetic phases which belong to the square-lattice Ising model universality class. We should stress that a part of the exponents have been obtained numerically. Although, in principle, the spin correlation functions required for the estimation of these exponents can be calculated analytically as in the uniform case, to our best knowledge, it has not yet been done. We have left this problem for future studies.
